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SUMMARY

obtainedforboundsry-layermassflow,
andtotal-pressurerecoveryratiosof a

scoopinletwitha heightequaltotheI)oundary-layerthicknessandoper-’
atingina turbulentboundarylayer,forflatsndconiml surfaceswith
wallcooling. Whenthewslltetnperatuxeisreducedfromtheadiabatic
temperaturetothatof thefree-stresmstatictemperature,mass-flowand
momentumratiosincreaseup to50 percent,whilethetotal-temperature
ratioof thisairflowisreduced-byabout6 percent,andthetotal-
pressurerecoveryincreasesslightly.

INTRODUCTION

At lowsupersonicspeedsboundary-layerscoopinletsmaybe con-
sideredasoperatingintheregionofnoheattransferor nearinsulated
walls. Theperformancecharacteristicsforthiscasehavebeenpre-
sentedfortheflatplateinreference1. At highsupersonicspeeds,
however,aerodynamicheatingbecomessignific=t,andwallcoolingmay
be necessarytomaintainthestructuralandaerodynamicintegrityof the
aircraft.Theoreticalstudiesofwallcoolingrelatedtothisproblem
havebeenmadeinreferences2 and3. Sinceboundsry-lsyerauxiliary
inletsmayhavetooperateinflightareaswherewd.1coolingisre-
quired,itthereforebecomesnecesssrytoacquirelmowledgeof theef-
fectofwallcoolingon theperformancecharacteristicsofboundary-
layerscoopiglets.

Thetheoreticalanalysesfora turbulent-compressibleboundsrylayer
withheattransferfromreferences2 snd3 (wherethePrandtlnumberis
assumedequal.tounity)wereappliedto a methodsimilarto thatusedin
reference1 inordertodeterminethemass-flow,momentum,total-pressure,
andtotal-temperatureratiosfora scoopiulethavinga heightequalto
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theboundary-layerthickness.Variationsoftheseinletparameters,for
flatandconicalsurfaces,arepresentedforseveralwall-to-free-stream n
static-temperatureratiosandforMachnumbersfrom2 to 10.

AMALYSIS

ThesymbolsusedinthisanalysisarepresentedinappendixA. The
methodusedforobtainingthecriticalmass-flowandmomentumratiosfor
a bound~-lsyerscoopinletwithwallcoolingisoutlinedindetailin %
appendixB. Thederivationoftheseexpressionsis similartothatfor 2
theadiabaticwall(ref.1),exceptfortheinclusionofthedensity L-

variationintheboundarylayerwithvariousamountsof coolingas in-
dicatedby wallsurfacetemperatures.Variationoftheboundary-layer
temperatureandvelocityprofileastheoreticallyderivedinreference2
wasincorporatedintheintegrationfora scoopinlethavinga height u

equaltotheboundary-Layerthickness.TheMachnwiberwasvariedfrom
2 to 10fora Reynoldsnumberrangehorn106to 109. Forwall-to-free-
streamtemperatureratios,thetemperatureofthewallwasallowedto

.

varyfromthetemperatureforlocalfree-streamto thatforanadiabatic
wall. Of course,theseadiabatictemperaturesarefora recoveryfactor
of unityandperhapsarenotrepresentativeoftherealflowcase.Since
changingthePrandtlnumberfrom0.75to unityhadlittleeffectonthe —

adiabaticskinfrictioncoefficient(ref.2),therecoveryfactorforthe
realflowcase(r= 0.9,turbulentflow)wasusedinorderto obtainthe
variationsofmassflowandmomentumratioforthfscondition.

Sinceheatistransferredfromtheboundarylayerwhenthewall
temperaturesarelessthantheadiabaticvalue,thescoopinlettotal-
temperatureratioandtotalpressurewillbechanged.Thetotal-
temperatureratiowillvarywithMachnumber,walltemperature,mass
flow,andmomentumof theboundary-layerairas showninappendixB (eq.
(B20)). Useofthistotal-temperatureratiointheone-dimensionalmass-
flowandmomentumequationyieldstheinlettotal-pressurerecoveryfor
a normalshock-typeinletina regionofwallcooling(eq.(B23),
appendixB). Pressurerecoverieswerecomputedfortheadiabaticwall
valueandforthewallstatictemperatureequaltothefree-stream
temperature.

Extensionof equations(B15)and(B16)forthemass-flowandmomen-
tumratioswereappliedtoa coneby usingtheruleofreference3,
whichstatesthatthelocalheat-transfercoefficientona coneisthe
flatplatecoefficientfora Reynoldsnumberequaltoone-halftheReyiolds
numberontheconewhentheMachnumberatiwall-to-free-streamtemperature
remainthesame.Inasmuchastheboundary-layertemperaturedistributions ,
derivedinreference2 a?egeneralfora surfacewithouta pressure““”
gradient,thesedistributionsmaybe employedfortheconeaswellas for
-theflat-platecase,sothatintegrationoftheinletparametersof ●

appendixB wascarriedoutwithout“changingtheformoftheintegrandsof
appendixB. Thesecalculationsforthecone,of course,yieldidentical
resultsas fortheflatplate.
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In ordertoapplytheresultsofthecalculationsofappendixB to
casesinvolvingboundary-layerairflowscoops,itisnecessarytoas-
certainthevsriationoftheboundary-layerthicknesswithheattransfer.
Derivationoftheadiabatic-to-cooledboundary-kyerthicknessratiois
presentedinappendixC forboththeflatplateandthecone.Theflat-
plateboundary-layerthicknessratiomaybe foundfromthemeanskin
frictioncoefficientsofreference2 andtheinletmass-flowandmomentum
parametersof appendixB (showninappendixC (eq.(C!3)).Evaluationof
theboundary-layerthicknessfortheconicalcase(eq.(C4))onlyre-
quirestheuseof themass-flowandmomentumratiosof appendixB and
themeanskin-frictioncoefficientsforthecone.~ese skin-friction
valuesmaybe foundfromreference2 withtheconditionthattheconical
valueof themeanskin-frictioncoefficientbe thatoftheflatplate
takenat one-halftheReynoldsnumberof thecone.

DISCUSSIONOFRESULTS

.

Thetheoreticalcurvesformass-flowandmomentumratiosforthe
flatandconicalsurfacesarepresentedin figure1. At givenReynolds
andMachnumbers,theboundary-layerinletmass-flowandmomentumratios
increasewithdecreasedwall-to-free-streamstatic-temperatureratios.
Forexample,infigurel(a),ata Reynoldsnuniberof lC@jtheincreases
inmassflowduetowallcoolingvaryflrom10to50percentfortheMach
numberandcoolingrangeconsidered.Inmostcases,at a given14ach
number,increasingtheReynoldsnumberreducedtheeffectofwallcooMng.
Comparison.oftheadiabaticmass-flowandmomentumratiosof figure1 with
theresultsofreference1 indicatesfairagreement.Also,as seeninthe
figure,thevariationof themassflowandmomentumratiofortheactual
gasflowcase(r= 0.9)doesnotdiffersignificantlyfromthecasefora
fiandtlnumberof uity (adiabaticwallcondition).

Removingheatfromtheboundarylayer,of course,reducesthemea
totaltemperatureof theboundary-layerair. Figure2 indicatesthat
(forboththeconeandflatplate)theeffectof extremewallcoolingon
theinlettotal-temperatureratiois small.Fora wall-to-free-stream
static-temperatureratioofunitythelargesttemperaturechsmgeisabout
6 percentat a Reynoldsnumberof I@. As theReynoldsnumb= isin-
creased,thetemperatureratioincreasestowardsunity.

Figure3 presentsestimatesofthevariationof scooppressurere-
coverywithMch andReynoldsnumbersandwallcooling.Fora given
Reynoldsnumber,thetotal-pressureratiowithorwithoutcoolingdrops
offrapidlywithincreas~Machnumber,whilesomevsriationinabsolute
magnitudeexistsdueto cooling.Thesetrendsapparentlyexistforthe
wholerangeofReynoldsnutiersinvestigated.A smallvariationinthe
pressure-recoveryratioexistsat thevariousReynoldsnunibersforMach
numbersuptoabout4. However,a significantlylargevariationabove
thisspeedrangedoesnotexist.
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Duetothehightemperatureswhichmaybe reachedintheboundary
layeratthehigherMachnumber(M= 10)fortheadiabaticcase,a de- ●

viationof theratioof specificheats(T)of thegasintheboundary
layerfromthatof idealairmaybe expected.Vs3uesof y equalto
1.1,1.2,and1.3wereselected,andthedetiationfromtheidealgas
casewasattainedfortheinletparametersoffigures1 to 3. Results
ofthesecomputationsarepresentedintableI. As seenintable1,
changingtheratioofspecificheatsfrom1.4to1.1increasesthemass-
flow,momentum,andtotal-pressureratiosby about80,75,and70per-
cent,respectively.Thetotaleffectof changein R, andviscosity
intheexpressionfordensityandvelocitydistributionsofreference1
isnotincludedandisconsideredoutsidethescopeof thereport.

Althoughthecasefor y = 1.1 hasbeendiscussedpreviously,it
isnecessarytopointoutthattheactualaverageratioofspecific
heatsfortheadiabaticcase(M=

.
10)intheboundarylayercanbe con-

siderablyhigherthan T = 1.1,becausethemassinthehighshearlayer
(and,consequently,atthehighesttemperature)nearthewal.lmayonly u
be about20percentof thetotalboundsry-layerairflow.Thelarger
portionof theairflowwillbe ata muchlowertemperature.

Inorderthata vehiclemaintainitsaerodynamicandstructural
characteristicsat M = 10,itisrealizedthatthewallsof thevehicle
mustbe cooledtolowertemperatures(about2500°R). Thusjintheprac-
ticalcase,deviationof y from1.4isnottoolargeforcooledwall
conditions.Thecomputationsforthoselowerwalltemperaturesinfig-
ures1 to 3 representingtheidealgascasewouldthereforeapplywith-
outsignificantvariationfromtheactualgasconditions.

CONCLUDINGREMARKS

Analysisof theeffectofboundary-layerheattransferon scoopfn-
letperformanceindicatedthatforwall-to-free-stresmstatic-temperature
ratiosofunity,massflowad momentumareup to50 percenthigherthan
foran adiabatic-flatplateor conicalsurface.Associatedwiththese
changesarea total-temperaturedecreaseup to 6 percentanda smsllin-
creaseintotal-pressurerecovery.

Inviewof thesesignificantvariationsofboundary-layerairflow
properties,designofboundary-layerintakedevicesor divertersmust
thereforereflecttheeffectsofwallcoolingby eithervariableor com-
promisedsize.Furthermore,dragestimatesof suchsystemsmusttake
intoaccountthesignificantvariationswhichresultfromwallcooling.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteefor

Cleveland,Ohio,September
Aeronautics
10,1957
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SYMBOLS

area,sqft

isentropicarearatio

71R= append’B

[-k--)-q~+1-
-+%

tw to
- 1, appendixB

inlet-scoopheight,ft

meanskin-frictioncoefficient

localheat-transfercoefficient,h
CPPOUO

localskin-frictioncoefficient

specificheatat constantpressure0.241forair,Btu/(lb)(OR)

impulseratio,as definedinappendixB

7/=73appendixB
totslheattransferred,Btu/sec

!l~
filmcoefficientofheattransfer, Btu

‘o - tw‘ (sec)(sqft](”R)
Machnumber

mass-flowrate,slugs/see

2.50
r
%~ CH,O,appendixB

velocityprofileparsmeter

totalpressure,lb/sqft

(N of ref.1)



staticpressure,lb/sq

asdefinedinequation
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ft 4–
(E16a),appendixB

heattransferredlocally,Btu/(sq$t)(sec)

recoveryfactor

gasconstant,ft-lb/lb-OR
P~u&

Reynoldsnumber,—
w

totaltemperature,‘R

statictemperature,‘R .-

velocity,ft/sec

asdefinedinequation(B1O),appendixB

longitudinaldistancealongsurface-offlatplateor cone,ft

distancenormslto surface,ft

asdefinedinequation(Blla),appendixB

ratioof specificheatsforair,1.4

bounds.ry-layer(velocity)thickness,ft

conesemivertexsingle,deg

coefficientofviscosityforair,(lb)(sec)/(sqft)

massdensityof air,slugs/cuft

shearstress,lb/sqft

totslmomentum,

momentum,pu2A,

PA(1+-YM2),lb
lb

Subscripts:

ad adiabaticwallconditions

bl boundarylayer

c cooledwallconditions

—

—
.
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0 free stresm

1 inletentranceconditions

2 conditionsinsideinletanddownstreamof terminalshock

Bsrredvsluesindicatea time-averagedquantity

T

.
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APPENDIXB

DERIVATIONOF INLETl?13Rl?ORMANCEPARAMETERSFOR

INA TURBULENTBOUNDARYLAYERWITHWALL

Mass-FlowandMomentumRatios

d~

SCOOPOPERATING

COOLING

#

9

Sketch(a) *

Mass-flowratioderivation.- Theincrementalmassflowenteringan
inletofheightb (sketch(a))andunity“widthsubmergedin a turbulent
boundarylayerwithheattransferis Q

andthemassflowenteringthescoopis

(Bl)

Foran identicalscoopoperatingin thefree-streanbthecapturedmass
flowwouldbe

andtherefore,theratioof equations

PO%)d(g)
(Bl)and(B2)iS

(B2)

(B3)

t

.
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orwhen b/5= 1.0,snd Pow iS Const=t,.

.

.

9

J“:= o

Momentumratioderivation.-
(sketch1)(forunitywidth)is

——

A q
Pouo (M)

Themomentumof theincrementalmass

andthemmentumof themassenteringthescoopis

(B5)

whilethemomentumof themasscapturedinthefreestreamforanequiv-
alentsizedinletwouldbe

b/5
9.=8

Jo
sadtheboundsry-layermomentumratio
stantbecomes .

(B6)

when b/6= 1, and pow is con-

(B7)

Massandmomentumratioswithwallcooling.- Fromtheequationof
statep = pRt andtheassumptionthatthestaticpressureremainscon-
stsntthroughtheboundarylayer,thedensityratiowithheattrsnsfer
maybe writtenasfollowsintemasof thevelocityratioG/y withthe
relationshipfromreference2 (fora Prandtlnumberofunity)

where G and B areconstantsdependinguponthefree-stresmMachnum-
ber ~ andthewall-to-free-streamstatictemperatureratio(see
appendixA).
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Thevelocitydistributionfora turbulentboundarylayerwithheat
transfer,asdevelopedinreference2,isgivenasfollows: T

where

(B9)

(B1O)

equation(B1O),a,G, and B aredefinedaccordingtoappendixA.

P
6

By lettingN= 2.50 ~ CH,O andby differentiatingequation(B9), w

()d~ = exp+#sin-%

when u = sin-% isused,

‘a=&’
andsubstitutioninequation(B1.1)

for -~<a<+

gives

Since,fromequation(B1O),

()(
;

)
Ba—-

5= ‘ina+”2GaG

(Bll)

(Blla)

(B12)

(B13)

equation(B8)becomes

&=l”l

n

Po tw J 2
(B14)

C!osu
~

Byusingequations(Bll),(B12),and(B13)inequations_ and(B7),
theexpressionsforboundary-layermassflowandmomentumratiobecome

%
E

J (“
B—=
)
sec2aexp# da

%Q~ ‘lna+% (B15)

m

.
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ands
6$ aQ %J( B2—=— )‘ha+xz sec2aexp~ da
~oG+

where

and

. %= sin-ko= sin-l(: -k)

11

(B16)

(B16a)

Integrationlimits~ and ~ of equation(B15) and(B16) arefound
. fromthevelocityconditionsat thewallandattheouteredgeof the

a boundsrylayerasfollows:since
;

.

ii
for ‘=0 atthewall%

% = sin
()

-I B
-K

andfor —= 1 a-ttheouteredgeof theboundarylayer
:

%
= s,+ -#-)

EstimationofBouudary-LayerInletTbtal-TemperatureRatio

% I Inlet

~+ _.—- 4, ––––-*

1+ x %
I

Sketch(b)

Flat-platecase.- Conservationof energyfortheboundary-layer
scoopmodelshowninsketch(b)maybe writtenas

.
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wherethesecondandthird
system.By definitionand
forunitwidth,

x

~f
= qw

o

where CH,O isthelocal

NACATN4153
●

termsaretheheattransferratesoutof the
fromreference2 (forPrandtlnumberof 1) ●

x
dx= ~Po~(To - %) f CH,O dx

o

heat-trsnsfercoefficienton theplate.Since

2-CW
2CH,()=Cf,o=-

Poug

J =W de-y--=
J

C*,Odx
o 0

when ~ = O, equation(B17}becomes

Nowfortheflatplate

Al= (5)‘(unitywidth)

anddivisionofequation(B18)by c T p u 5 yieldspooo

Notethat ml= ~ and ~= (P1attheinlet.Now
equation(3319)willmske

resmangement

.

.

.—

(B18)

Fromequation(C2)of appendixC,the‘inlettotal-temperatureratio

—

(B19)

of

becomes

(1 (B20)

.



NACATN4153
w

Conicalcase.. meanskin-friction
- In appendixC,thefollowingrelation
coefficientandtheinletparametersof

13

betweenthe
figure1 was

foundfromequation(C4)

Now,iftheinletcapturesreaof a scoop(ona cone)isapproximatedby
Al= 2fixsine 5, substitutionof theserelationsinequation(B17)
yieldsanexpressionidenticaltothatof theflatplate(eq.(B20)).
Variationof thistemperatureratiowithMachnumberforvariousReyn-
oldsnuuibersandfora wall-to-free-streamstatic-temperatureratioof
unityispresentedinfigure2.

Boundsry-LayerInletTotal-RressureRecoveryEstimation

%

Inlet

_———_~
/ \ +1 :2

/ \ 6 1

1
%7 I

Terminalshock
Sketch(c)

A one-dimensionalrepresentationofuniformflowinsidean inlet
andbehinda normalshockcannowbe madefromthemassflowandtotal
momentumforthesystemof sketch(c).
momentumtheseequationsare,

l!komconservationofmasssmd

p2A@f2-

fi

and

respectively.Thesubscript2 nowdenotesa conditionbehindthenormal
shock.A divisionof thesecondequationby thefirstgivesthe
following:

(B21)
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anda divisionofbothsidesby ~~ givesanexpressionsimilar
to thatinreference1 (appendixC]obtained(for T1= T2),n~ely;

()&

where

‘<)=“* &
and

(B22)

Sincealltheconditionson thelefthandsideof equation(B22)are
knownor canbe found,theinletMachnumberM2 behindtheterminal
shockandcorrespondingto a normalshock-t~einletmaybe found.The
total-pressurerecoveryratio @() isfoundfromthemass-flowequa-
tionas

(B23)

● “

.=

Variationof thispressureratio,whichIncludestheeffectofmixing
losses,isplottedinfigure3 forvariousReynoldsandMachnumbersand
fortheadiabaticandwall-to-loc~streamtemperature&atioofunity.
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APPENDIXc

CALCULATIONOFADIABATIC-TO-COOLEDBOUNDARY-LAYERTHICKNESSRATIO

As presentedin

5

Flat-PlateCase

reference2,

cf,& 1=

where %,o = meanskin-frictioncoefficientand x = distancealong
surface.Since

J’

1
E—= E ~(g)
% o PO’%

and
1

f o;U2.—
Po1-1o

0
w)

fromequations(B4)and(B7).Thenin equation(Cl),

(cl}

%,(F
2 ($’,.)G-—

andtheadiabatic-to-cooledboiindary-layerthicb”essratiois

Cf,od

Cf,oc

(C2)

(m)

*

.
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then

Now

Sincefromreference

ConeCase

3,

or

sothat

(C4)

Therefore,theadiabatic-to-cooledbound~--layerthictiessratiowould
be thessmeasthatfortheflatplate(eq.(C3))exceptthatthemean
skin-frictioncoefficientisevaluatedfora cone.

1.t3imon,Paul
MassFlow
Range0.2

2.VanDriest,
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TABLEI. - EFFECTOF T ON lltGIKClKLOWPARAMETERS

Reo

L06

—

%
—

10

—

rbl
1.1

1.2

1.3

1.4

1.4

%/%

a6.0

all.o

a16.0

a21.0

1.0

ii/m(J

0.540

.421

.345

.304

.48

adiabaticwallconditions
~ = 1.4;T2 = 1.1

7Po
0.505

●397

.327

.290

.44

14.8X10-4

11.8

9.75

8.7

13.4

.

.
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